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In eukaryotic cells, the degradation of most proteins, both native and misfolded, is done by the ubiquitin-proteasome system (UPS). In general, UPS-mediated proteolysis involves tagging the target protein molecule with a polyubiquitin chain and degrading the ubiquitinated protein by the proteasome. By targeted and timely degradation of normal proteins that are no longer needed, the UPS regulates virtually all cellular processes and functions. Through the removal of misfolded proteins, the UPS plays a pivotal role in protein quality control (PQC) (132) . Hence, an adequately functional UPS is vital to proteostasis in the cell, especially in the terminally differentiated cells such as neurons and cardiomyocytes. Not surprisingly, UPS dysfunction has been implicated in the progression of at least a large subset, if not all, of heart diseases to congestive heart failure (CHF) (81) . A major pathogenic role of proteasome functional insufficiency (PFI) has been recently demonstrated in not only cardiac proteinopathy but also in myocardial ischemia-reperfusion (I/R) injury in mice (77) . With the recent description of a pharmacological activator of the 26S proteasome (73) and a genetic means to benignly enhance proteasome-mediated degradation of misfolded/abnormal proteins in cardiomyocytes (77, 78) , it is highly anticipated that developing more effective measures to treat heart diseases through mitigating cardiac UPS function will soon become a new paradigm of cardiac research. In this review article, we will highlight the most exciting major discoveries in UPS-mediated protein degradation in general as well as the new advances in the area of cardiac UPS research reported in the past several years, with an emphasis on discussing an overarching hypothesis that PFI plays a major pathogenic role in the development of most heart diseases to CHF.
Ubiquitin, Ubiquitination, and Deubiquitination
Ubiquitin is the earliest described small modifier protein that can be covalently attached to the side chain of a lysine residue of the target protein via a process known as ubiquitination. Other examples of the small modifier proteins include SUMO1, NEDD8 (Rub1 in S. cerevisiae), and ISG15. Ubiquitination is carried out by a cascade of biochemical reactions catalyzed by the ubiquitin activating enzyme (E1), conjugating enzyme (E2), and ligases (E3). Substrate specificity of ubiq-uitination is conferred by the E3. Ubiquitination is increasingly recognized as an important posttranslational modification that can not only target a protein for degradation, as it was first discovered, but also change the activity or function of a protein without affecting its fate. Ubiquitination can occur to another ubiquitin that is either free or already attached to a target protein, thereby generating a polyubiquitin chain. Polyubiquitination of a target protein can be achieved by multiple rounds of ubiquitination to attach one ubiquitin at a time to the preceding ubiquitin or by attaching a preassembled polyubiquitin chain to the target protein. Each of the seven lysine residues of ubiquitin (K6, K11, K27, K29, K33, K48, and K63) can be potentially used for forming the ubiquitin chain. The different linkages give rise to different topology of a polyubiquitin chain and thereby render different effects on the substrate proteins. K48 polyubiquitin chains are the most common type and predominantly signal for degradation by the proteasome. On the other hand, K63-linked polyubiquitination cannot target the substrate protein for degradation but rather alter the activity and trafficking of the modified protein. It has been shown in yeast that all non-K63 linkages may target the protein for degradation (145) .
The rate-limiting step and substrate specificity of ubiquitination are conferred by the E3. E3 binds directly to the specific target protein. A ubiquitin E3 can be a single protein but more often consists of multiple proteins. A E3 enzyme contains one of the following three domains: the homologous to the E6-AP carboxyl terminus (HECT) domain, the really interesting new gene (RING) domain, or the U-box domain, which is closely related to the RING domain. The largest family of ubiquitin E3 ligases is the cullin-RING ubiquitin ligases (CRLs). During the activation of CRLs, the neddylation of the scaffold protein cullin is triggered by the binding of the F-box protein to the substrate and brings the substrate to a closer proximity to the E2 enzyme (11, 118) . Hence, cullin neddylation and deneddylation regulate the catalytic dynamics of CRLs. Since the degradation of many cell cycle regulators are mediated by CRLs, drugs (e.g., MLN4924) inhibiting neddylation have been developed and are in clinical trials to treat cancer (129) . Notably, perturbation of cullin deneddylation via perinatal cardiomyocyte-restricted disruption of the COP9 signalosome, a major cullin deneddylation enzyme, causes massive cardiomyocyte necrosis, dilated cardiomyopathy, and premature death in mice, illustrating an indispensable role of CRLs in postnatal cardiac development and function (131) .
Muscle atrophy F-box (MAFbx, also known as atrogin-1) and the muscle-specific RING finger proteins (MuRFs) are among the most investigated ubiquitin ligases in the heart. Both MAFbx and MuRFs are involved in the degradation of sarcomeric and nonsarcomeric regulatory proteins in the heart. MuRF1 expression is upregulated in hypertrophic and failing hearts. This upregulation may contribute to pathological remodeling because a high level of transgenic MuRF1 overexpression in mouse hearts increases the propensity to heart failure during pressure overload (144) . On the other hand, MuRF1 is essential to the reverse remodeling of a hypertrophic heart. MuRF1 expression was found to be significantly increased in the unloaded hearts of patients who had received a left ventricular assist device. The regression of cardiac hypertrophy (i.e., cardiac atrophy), after pressure overload is relieved, was delayed remarkably in MuRF1 knockout mice compared with the wild-type controls (143) . MuRF1 can bind and ubiquitinate the muscle creatine kinase (CK) (67) , especially the oxidized CK (147) . Increased muscle CK protein levels and decreased CK activities were observed in MuRF1 knockout mice and MuRF1-overexpressing mouse hearts, respectively (67, 144) . It appears that MuRF1 may control both protein quality and activity of CK and thereby impacts on energy metabolism in cardiomyocytes.
As an F-Box protein in muscle cells, MAFbx interacts with Skp1 and cullin1 to form the Skp1-cullin1-F-box (SCF) type of ubiquitin ligases in which the F-box protein recruits specific substrate proteins for ubiquitination (18) . MAFbx can target calcineurin for degradation and suppress calcineurin-nuclear factor of activated T cell (NFAT) signaling in cultured cells (75) . MAFbx was recently shown to degrade a familial hypertrophic cardiomyopathy-associated truncated cardiac myosin binding protein C (91) . MAFbx was upregulated in pressure overload hypertrophied hearts and hypoxic hearts (112, 139) . A similar upregulation was also observed in myocardial infarction-induced CHF in rats (1), but more recently, both MuRF1 and MAFbx were found decreased in the myocardium remote of recent infarction in human hearts (21) . Transgenic overexpression of MAFbx in the heart was shown to suppress the thoracic aortic constriction-induced increase of interventricular septal thickness in systole but exacerbate left ventricular dilatation and reduced cardiac function (75) . Using MAFbx knockout mice, Sadoshima and colleagues (139) have recently demonstrated that the endogenous MAFbx mediates pathological hypertrophy and cardiac failure induced by thoracic aortic constriction or ␤-adrenergic stimulation, most likely through enhancing proteasome-mediated degradation of IB and thereby activating NF-B. Activation of the forkhead box O (FOXO) family of transcription factors was known to mediate the transcription of MAFbx upon phosphatidylinositol 3-kinase/Akt inactivation during muscle atrophy (122, 130) . Very interestingly, MAFbx was recently found to suppress exerciseinduced Akt-dependent cardiac hypertrophy in mice through coactivating FOXO transcription factors in a polyubiquitination-dependent manner (76) , suggesting that MAFbx exerts a feed-forward regulation over the activation of atrophic genes including itself in physiological hypertrophy. These seemingly conflicting reports suggest that MAFbx suppress physiological hypertrophy while mediating pathological hypertrophy and failure, making it an attractive therapeutic target.
Deubiquitination, the counter process of ubiquitination, is driven by deubiquitination enzymes (DUBs) and represents another important layer of regulation on ubiquitination and proteasome-mediated proteolysis. Very few reports have touched on DUBs in the heart. A significant increase in the protein levels of ubiquitin carboxyl-terminal hydrolase (UCH) was detected in explanted failing human hearts with dilated cardiomyopathy (142) . Abro1 (also known as KIAA0157), a subunit of the BRCC36-containing isopeptidase complex (BRISC) DUB enzyme predominantly expressed in the heart, was significantly upregulated in mouse hearts with myocardial I/R. Abro1 protein expression was found to be significantly increased in the infarct area but not the remote area of explanted human hearts with ischemic heart disease. This study further demonstrates that the upregulation of Abro1 leads to K63-specific deubiquitination of specific protein targets (20) , consistent with the known DUB property of BRISC (22) . The (patho)physiologi-cal significance of DUBs in the heart remains to be investigated.
To date, examinations of human hearts with end-stage heart failure of virtually all etiology, as well as the animal hearts of experimental cardiomyopathies, have consistently shown marked increases in ubiquitinated proteins, but the cause underlying the increase remains elusive (132) . PFI and/or deregulation in ubiquitination and/or deubiquitination are all potential causes.
Proteasomes
In general, the degradation of polyubiquitinated proteins is performed by the 26S proteasome, a protease complex composed of a barrel-shaped 20S proteasome and the regulatory particle or activation complex (often the 19S proteasome) at one or both ends of the 20S proteasome. The 20S proteasome is formed by an axial stack of four heptameric rings: two opposing ␤-rings sandwiched by two outer ␣-rings. Each ␣-or ␤-ring contains seven unique subunits (␣ 1 through ␣ 7 , and ␤ 1 through ␤ 7 ). The 19S proteasome, whose constituents are less defined, recognizes and removes the ubiquitin chain on the target protein molecules, unfolds them, and channels the unfolded polypeptides into the proteolytic chamber of the 20S proteasome. Proteasome proteolytic activities reside in the interior face of the ␤-rings of the 20S. The ␤ 5 -, ␤ 2 -, and ␤ 1 -subunits are respectively responsible for the chymotrypsinlike, trypsin-like, and caspase-like (also known as peptidylglutamyl-peptide hydrolase) activities, the three peptidase activities identified in the 20S proteasome. The ␣-rings serve as the gate to control the entry of polypeptides into the proteolytic chamber and regulate the exit of proteolytic products.
Currently, the assessment of proteasome proteolytic function mainly uses two types of substrates: the synthetic small fluorogenic compounds and the full-length protein substrates. Furthermore, two kinds of small fluorogenic substrates are currently available: the first kind is the most commonly used and emits quantifiable fluorescent signals when being cleaved selectively by a proteasome peptidase (116) , whereas the other becomes fluorescent when irreversibly bound to the active peptidase subunits of the proteasome (140) . Assays employing these fluorogenic compounds can only measure the peptidase activities of the proteasome. They cannot discern whether the proteasome proteolytic function in the cell is adequate to meet cellular needs to maintain protein homeostasis and PQC under a given circumstance. Proteasome peptidase activities can substantially increase in response to inadequate UPS proteolytic function, but the increased activity does not always sufficiently meet an increased demand. Hence, PFI and increased proteasome peptidase activities may coexist in a pathological setting. To detect PFI, changes in the protein levels of known proteasome substrates are monitored as a measure to evaluate alterations in proteasome function. Increased protein levels of endogenous bona fide substrates of the proteasome (e.g., IB or ␤-catenin) are often used as an indicator of decreased proteasome function. However, a major limitation is associated with this method: the synthesis of endogenous proteins is highly regulated and may be increased by the condition being studied, which can confound the data interpretation. To circumvent the limitation, surrogate full-length protein substrates for the UPS have been developed by modifying fluorescent proteins. For instance, one such modified green fluorescent protein (GFP) was created by carboxyl fusion of degron CL1 to GFP and known as GFPu or GFPdgn. GFPu/ GFPdgn is considered a surrogate of misfolded proteins because degron CL1 bears a stretch of surface-exposed hydrophobic amino acid residues (37), a signature conformation of misfolded polypeptides (132) . When moderately expressed, these reporter GFPs are biologically inert, well tolerated by the cell, and easy to be detected. Driven by a constitutive promoter, their synthesis is much less influenced by a pathological condition, compared with the endogenous proteins. A transgenic mouse model of ubiquitous and constitutive expression of GFPdgn has been created and validated as an inverse reporter of proteasome functional status (Fig. 1) . The use of GFPdgn mice has remarkably promoted experimental investigations into the involvement of UPS dysfunction in cardiac pathogenesis (8, 15, 29, 70, 77, 83) .
Regulations on the Proteasome
It becomes apparent that the assembly and activities of the proteasome are well adjusted by the cell to harmonize with its energy metabolism and to accommodate the needs of various cellular responses to internal and external stresses (44, 71) . As revealed by functional proteomics, proteasome composition and activities among different organs of mice show striking variations, perhaps to meet the substrate diversity (125) . This is echoed by a recent study by Kloss et al. (61) , which showed that different subpopulations of proteasomes enriched from rat myocardium responded differentially to proteasome inhibitors (37)]. The hydrophobic amino acid residues are boxed. Note that in its helical structure, degron CL1 contains surface exposure of a long patch of hydrophobic amino acid residues. C: representative images of Western blot analysis of the indicated proteins in cardiac and hepatic tissues from adult GFPdgn transgenic mice (line 3) 20 h after an intraperitoneal injection of proteasome inhibitor MG-262 (5 mol/kg) or the vehicle control. At the baseline, GFPdgn is expressed at a higher level in the heart than in the liver. MG-262 treatment increases ubiquitinated proteins, the precursor of the ␤5-subunit of the 20S proteasome (pre-␤5) and GFPdgn proteins in both organs shown here. Ub, ubiquitin; NS, not significant. in vitro. Hence, a better understanding of the regulation on proteasome proteolytic function is a prerequisite for a productive search for new measures to manipulate the proteasome to treat disease, especially PFI-associated diseases.
ATP and energy metabolism. UPS-mediated degradation of target proteins requires ATP. The intracellular ATP level is normally in the low millimolar range, depending on cell types (40) . Interestingly, the optimal ATP concentration for in vitro proteasome peptidase activity assays is lower than the physiological level of ATP in the cell by a factor of ϳ10 (105). Huang et al. (48) have recently shown that pharmacologically reducing ATP production in cultured cells yields bidirectional effects on the UPS-mediated degradation of bona fide endogenous substrates and GFPu with a significant initial increase of proteasomal degradation when ATP is moderately decreased, followed by a decrease of proteasomal degradation upon ATP depletion. It is therefore proposed that under normal baseline conditions, the physiological levels of intracellular ATP may gear the proteasome activity at a relatively low level, allowing a rapid increase in proteasome function upon a moderate ATP reduction during an acute stress (48) . This proposition remains to be tested in intact animals but is consistent with the fact that myocardial proteasome peptidase activities are often increased during the initial phase of pressure overload cardiac hypertrophy and acute myocardial infarction (27) . This moderate ATP reduction-mediated proteasome activation may potentially be important for the cell to timely remove misfolded proteins under an acute stress as well as during the early phase of a long-lasting stress. In the latter case, this regulation conceivably helps the cell to maintain protein homeostasis before the more sustainable compensatory mechanisms, such as increasing proteasome synthesis and/or altered proteasome composition, come into effect.
Posttranslational modifications of proteasome subunits. A variety of posttranslational modifications in many subunits of cardiac proteasomes are revealed by proteomic analyses (125) . Moreover, the molecular events exerting the modifications and the functional consequences of the modifications have begun to be unraveled. cAMP-dependent protein kinase A (PKA) and protein phosphatase 2A (PP2A) were copurified with intact murine cardiac 20S proteasomes (151) . The inhibition of PP2A or the addition of PKA clearly altered the phosphorylation profiles of the proteasome. It appears that hyperphosphorylated 20S proteasomes have a higher peptidase activity than the hypophosphorylated ones (32, 151) . In a nonmyocyte system, PKA was shown to enhance proteasome functions through phosphorylating Ser120 of regulatory particle ATPase 6 (Rpt6) (146) , a required subunit of the 19S proteasome. The stimulatory effect of PKA and the phosphorylation of Rpt6 were reversible by PP1␥ (146) . More recently, it was reported that PKA activation enhances myocardial 26S proteasome assembly and activity in dogs and that PKA mediates the enhancement of proteasome assembly and activity in the heart by ischemic preconditioning (IPC) (5) . Failure to activate PKA appears to be responsible for the depressed caspase-like and trypsin-like peptidase activities of 20S proteasomes in the heart with ␤-adrenergic stimulation-induced cardiac hypertrophy (30) . Protein kinase N (PKN), a stress-activated protein kinase, can also increase cardiac proteasome chymotrypsin-like activity, and this increase seems to be essential to the protection of PKN against myocardial I/R injury (133) . It remains to be elucidated how PKN increases proteasome activities.
Proteasome-associated partners. DUBs associated with the 19S proteasome have important effects on proteasome proteolytic function. Regulatory particle non-ATPase 11 (RPN11) is a stoichiometric DUB subunit of the 19S proteasome. During degradation of polyubiquitinated proteins, RPN11 removes the ubiquitin chain en bloc by cutting at the base of the ubiquitin chain, frees the substrate, and promotes substrate translocation into the 20S, while recycling the ubiquitin. The association of two other DUBs, UCH37 and ubiquitin-specific protease 14 (USP14), with 19S proteasomes is reversible. In contrast to RPN11, USP14 and UCH37 reduce the length of the ubiquitin chain from its tip distal to the substrate, thereby shortening the chain rather than removing the chain en bloc, which slows down the proteasome-mediated degradation of the ubiquitinated substrates. Recently, an exciting breakthrough was achieved by screening for small-molecule compounds that inhibit USP14 deubiquitination. A chemical inhibitor of USP14 was discovered and shown to enhance proteasome-mediated degradation of the tested proteasome substrates, including some of the proteins linked to neural degenerative disease (73) . This may represent the invention of the first small-molecule proteasome activator, although proteasome inhibitors have been clinically used to treat disease (2). It will be interesting and important to determine whether the proteasome activator can enhance proteasome function in vivo and whether it is safe and efficacious to be used to treat diseases with PFI.
As in many other cell types, some of the 20S proteasome in cardiomyocytes is also associated with the 11S proteasome (Fig. 2) , also known as proteasome activator 28 (PA28) or 11S regulator (113, 135) . The 11S proteasome consists of either a heteroheptamer of PA28␣ and PA28␤ (␣3␤4 or ␣4␤3) or a homoheptamer of PA28␥ molecules (113) . A 20S proteasome can be simultaneously capped by a 19S at one end and by an 11S at the other, forming a hybrid proteasome. The association of the 11S with the 20S proteasome was generally reported to enhance antigen processing during viral infection (97) , but recent studies show that PA28␥ can mediate the degradation of several endogenous regulatory proteins by the 20S proteasome (17, 79, 80) . Myocardial PA28␣ and PA28␤ protein levels were increased in rats with experimental diabetes (107) . Overexpression of PA28␣ stabilized PA28␤ and thereby upregulates 11S proteasomes in cultured cardiomyocytes and nonmyocytes. More importantly, proteasomal degradation of GFPu, but not endogenous or overexpressed normal proteins that are UPS substrates, was markedly enhanced by PA28␣ overexpression. Furthermore, hydrogen peroxide treatment induced increases in protein carbonyls, and cell death was significantly attenuated by PA28␣ overexpression in cultured cardiomyocytes (78) . These exciting findings suggest that the upregulation of 11S proteasomes by PA28␣ overexpression can enhance proteasome-mediated removal of misfolded/damaged proteins, promote PQC, and thereby protect against oxidative stress. More excitingly, these in vitro findings have been confirmed in mice in vivo (see Establishing PFI as major pathogenic factor in the heart).
Proteasome assembly and composition. Quite a few subunits of mammalian proteasomes have different isoforms (39) . The activities of cardiac proteasomes assembled from different isoforms of the subunits show discernible variations (31) . Each of the three peptidase subunits (␤ 1 , ␤ 2 , and ␤ 5 ) of the 20S proteasome can be replaced by an inducible isoform (␤ 1i , ␤ 2i , and ␤ 5i , respectively) upon viral infection or interferon treatment. Proteasomes containing the inducible subunit are referred to as immunoproteasomes. Immunoproteasomes show higher peptidase activities and may enhance antigen processing during viral infection. It turns out that interferons also increase the production of reactive oxygen species, thereby increasing the production of oxidized damaged proteins. The enhanced proteolytic activity of immunoproteasomes facilitates the clearance of damaged proteins and protects against the oxidative stress (49, 104, 126) . When the assembly of immunoproteasome is impaired by the ablation of the ␤ 5i (PSMB8, LMP7) gene, interferon treatment or inflammation causes an accumulation of polyubiquitinated proteins and protein aggregates in the cell (126) . The synthesis of immunoproteasomes, PA28␣ and PA28␤, as well as 20S proteasomes, can be induced by oxidative stress (104) . These recent research findings unveil a previously unrecognized role of immunoproteasomes in PQC under stress conditions.
A concerted increase in the synthesis of proteasomal subunits in response to proteasome inhibition or PFI was observed in cultured cells and implicated in the heart (15, 92) . Nuclear factor erythroid-derived 2-related factor 1 (NRF1), a transcription factor of the cap "n" collar basic leucine zipper family, was recently shown to play an essential role in this feedback loop (74, 111) . The proteasome inhibitor-induced proteasome bounce-back response in mouse embryonic fibroblasts was abolished by Nrf1 knockout, whereas overexpression of Nrf1 facilitated the proteasome recovery of the proteasome inhibitor-treated cells. Promoter-reporter assays revealed that Nrf1 activates the transcription of proteasome genes via the antioxidant response elements in the proteasome subunit genes. NRF1 knockdown in human cancer cells exacerbated the cell killing effect of a proteasome inhibitor (111) . Neuronal deletion of Nrf1 in mice decreased proteasome gene expression, impaired proteasome function, and led to neurodegeneration (74) . The role of NRF1 in cardiac PQC remains to be determined.
Proteasome Dysfunction in Cardiac Diseases
Perhaps with the exception of viral myocarditis and anthracycline-induced cardiomyopathy (70, 85, 86) , the majority of the studies using animal models have suggested that cardiac proteasome function is impaired/insufficient during the progression of a large subset of heart diseases to CHF. This is best illustrated by cardiac proteinopathy and myocardial I/R injury, although proteasome malfunction has also been observed in other types of cardiomyopathy (6, 81, 110) . Indeed, the establishment of a mouse model of cardiomyocyte-restricted proteasome functional enhancement has recently enabled experimentation that establishes the necessity of PFI in the genesis of cardiac proteinopathy and I/R injury in mice (77) , which marks the first direct demonstration of the pathogenic role of PFI in any organs or diseases.
PFI in cardiac proteinopathy. Proteinopathies are a family of diseases caused by misfolded proteins. The presence of aberrant protein aggregates in the cell is the hallmark of proteinopathy. The most studied cardiac proteinopathy is desmin-related cardiomyopathy [DRC; for recent review, see McLendon and Robbins (90) in this series]. By crossbreeding with the GFPdgn mice (Fig. 3A) , severe PFI has been revealed in two transgenic mouse models of DRC (16, 83) . The insufficiency mainly resides in the delivery of ubiquitinated proteins into the 20S proteasome as decreased protein abundance of critical 19S proteasome subunits, namely Rpt3 and Rpt5, are concurrently associated with the PFI, whereas the peptidase Fig. 3 . Use of GFPdgn reporter mice reveals proteasome functional insufficiency (PFI, A) and proteasome functional enhancement (B) in the heart. A: representative image of Western blot analyses for GFPdgn in the GFPdgn/ CryAB R120G double transgenic mouse heart, compared with littermate GFPdgn single transgenic mouse hearts. The soluble fraction of myocardial protein extracts from 1-mo-old mice of the indicated genotypes (top labels) were used for the analyses. PFI in the CryAB R120G -based desmin-related cardiomyopathy mouse heart is revealed by the increased GFPdgn protein levels in the double transgenic mouse hearts. B: representative image of Western blot analyses for GFPdgn and proteasome activator 28␣ (PA28␣) in the heart. Total proteins were extracted from ventricular myocardium of littermate mice of the indicated genotypes (labels at the top of the panel) at 8 wk of age and used for Western blot analyses for the indicated proteins. Note that GFPdgn protein levels were markedly decreased in PA28␣ overexpression hearts, indicating that proteasome proteolytic function in the heart is significantly enhanced by cardiomyocyte-restricted overexpression of PA28␣. LC, loading control; tTA, tetracycline-controlled transactivator.
activities of the 20S proteasome are not decreased. Further studies have determined that aberrant protein aggregation is in part responsible for PFI in DRC hearts (16, 84) . These are important findings, because although DRC per se is by no means a common disease, the DRC mice represent valuable models for pathogenic elucidation and therapeutic exploration of cardiac proteinopathies. Increasing reports suggest that a large subset of common heart diseases likely share pathogenic mechanisms with cardiac proteinopathy. Aberrant protein aggregates are also observed and considered the trigger of autophagy activation in the pressure-overloaded mouse heart (137). Significant increases in myocardial ubiquitinated proteins have been invariably reported in studies using this experimental method, although some of the reports dispute the direction of changes in the proteasome peptidase activities as well as the effect of systemic proteasome inhibition on the hypertrophic responses and function of pressure-overloaded hearts (47, 136) . Both the accumulation of aberrant protein aggregates and elevated levels of ubiquitinated proteins are consistent with PFI, but the sufficiency of proteasome function in a pressure-overloaded heart has never yet been directly assessed. Recent studies on human hearts with end-stage heart failure of common etiologies have unveiled a very high prevalence of aberrant protein aggregates in the form of preamyloid oligomers in the diseased hearts (35, 119) . When coexisted with increased ubiquitinated proteins, aberrant protein aggregation can be both a sign of PFI and a potential cause of proteasome impairment. Hence, these observations place a large subset of CHF into the category of cardiac proteinopathy.
PFI in myocardial I/R injury. Myocardial I/R injury represents a major pathological process in both the development and therapeutic intervention of ischemic heart disease. The earliest indications that the proteasome may become dysfunctional following ischemia were from studies of the brain, which reported increases in mitochondrial insoluble ubiquitin-conjugates and decreased 26S proteasome activity in gerbil cortex and hippocampus following transient forebrain ischemia (45, 57) . Subsequent studies of brain have confirmed and extended these studies and suggested that the proteasome dysfunction may be secondary to oxidative stress (4, 59) .
In 2001, Bulteau et al. (12) first reported decreased proteasome chymotryptic, caspase-and trypsin-like activity following 30 min of in vivo left anterior descending coronary artery occlusion. This was accompanied by increased ubiquitinated proteins, yet following purification, only the decrease in trypsin-like activity was discernible. Powell and coworkers (105, 108) subsequently confirmed this observation in the isolated perfused heart model and demonstrated that ATP-dependent proteasome activity is preferentially affected, suggesting defects in 26S proteasome function, consistent with increases in myocardial ubiquitinated proteins. Various mechanisms have been proposed to explain the dysfunction, but recent experimental findings support two potential explanations: 1) ATP depletion during ischemia and 2) oxidation of proteasome and/or regulatory subunits.
ATP is required for docking and activation of the proteasome and for proper function of the ubiquitination machinery (128) . A recent study (48) has provided evidence that intracellular ATP levels regulate proteasome activity. It stands to reason that ATP depletion during ischemia (56) could be partially responsible for decreased proteasome activity in the ischemic heart. Two recent studies (5, 19) have invoked this mechanism to explain decreased postischemic proteasome activity observed in their models. However, if a lack of ATP was the underlying mechanism for the dysfunction, it would be expected that adding ATP back would reverse the dysfunction. Both studies measured proteasome activity in the presence of ATP, yet the dysfunction was still present. We have shown that even when measured in the presence of optimal concentrations of ATP, postischemic proteasome activity is still diminished (105) . While this does not necessarily mean that ATP depletion is not a contributing factor to proteasome dysfunction during the ischemic period, it suggests the presence of a more persistent defect in the postischemic proteasome.
Oxidative modification of proteins affects their secondary and tertiary structures, resulting in an unfolding and exposure of hydrophobic patches and leading to a loss of function and enhanced degradation (24, 25) . During myocardial I/R, many cytosolic, myofibrillar, and mitochondrial proteins are subject to various oxidative modifications (60, 106) , and it stands to reason that since the proteasome is composed of multiple protein subunits, it could be a potential target for oxidative attack. Many studies have evaluated the vulnerability of the 20S and 26S proteasomes and have shown that exposure of purified proteasome to oxidants, including peroxynitrite (3, 102) , hypochlorite and hydrogen peroxide (114) , and 4-hydroxynonenal (34, 101) inactivates the proteasome with the 26S configuration ϳ10-fold more sensitive (114) . Indeed, Bulteau et al. (12) reported 4-hydroxynonelation of several ␣-type subunits of the 20S proteasome following I/R, though the relationship to the decreased proteasome activity was not clear. In fact, proteasomes purified from rat heart seem to be somewhat resistant to inactivation by 4-hydroxynonenal, requiring concentrations in excess of 100 M (33). Other studies have shown that pretreatment of isolated hearts with ␣-tocotrienol (a vitamin E analog) preserves postischemic proteasome function (23) . The higher vulnerability of the 26S proteasome to oxidative inactivation (115) and the observations that the ATP-dependent activity of the proteasome is preferentially affected by I/R (19, 105) suggest that subunits of the 19S regulatory particle may be more sensitive to oxidative damage than those in the 20S. A recent study by Divald et al. (28) has identified Rpt3/Rpt5 as the only 26S proteasome subunits that are significantly carbonylated during myocardial I/R. This observation is consistent with a previous report showing that the Rpt3 subunit is sensitive to carbonylation reactions in SH-SY5Y cells exposed to an oxidative environment (54) . It is of interest that Predmore et al. (110) have also observed that the same subunits appear to be oxidized in the ventricular tissue of explanted human hearts with end-stage heart failure.
IPC uses preexposure to short episodes of ischemia to decrease vulnerability of the myocardium to subsequent longer durations of ischemia, resulting in improved postischemic hemodynamic function and reduced markers of myocardial injury (98) . Many mechanisms have been proposed, but current thinking is that IPC involves preischemic signaling changes that open the inward mitochondrial ATP-sensitive K ϩ channels (41) and prevent opening of the mitochondrial permeability transition pore (65) . Three recent studies (5, 19, 28) have suggested that perhaps preserving proteasome function plays a role in IPC by facilitating some of the associated pre-or postischemic signaling changes. As discussed above, the UPS may become dysfunctional during ischemia; therefore, by necessity IPC must in some way preserve postischemic proteasome function. In fact, this had already been established by studies of IPC protocols tested to protect the brain from I/R injury, which showed less accumulation of proapoptotic proteins and protein aggregates (82, 93, 109) . At about the same time of the brain IPC studies, Powell et al. demonstrated that pharmacological preconditioning of the myocardium with nicorandil (108) , an agent thought to open the inward mitochondrial ATP-sensitive K ϩ channels (124), affords some protection of postischemic function of the proteasome. Nonetheless, all three of these recent studies do present convincing evidence that IPC does diminish postischemic dysfunction of the UPS, including improved peptidase activity and less accumulation of ubiquitinated or misfolded proteins (5, 19, 28) . Where they differ is in the proposed mechanism as described below.
One potential mechanism is that IPC increases protein kinase A (PKA)-mediated activation of proteasome. As indicated earlier, PKA can phosphorylate several subunits of the 20S proteasome (151) as well as Rpt6 (146), which results in activation of proteasome peptidase activities. Asai et al. (5) present convincing evidence that PKA can enhance assembly of intact 26S proteasomes. They suggest that IPC results in transient preischemic increases in PKA which enhances assembly of intact 26S proteasome. Presumably, the increased assembled 26S proteasome then carries over to the postischemic period and explains the improved function of the UPS. While these investigators did indeed show higher peptidase activity in the immediate postischemic period, the assembly of intact proteasome at this time point was not assessed; thus it is not clear that they are related.
The second suggested mechanism is that IPC enhances proteasome-mediated degradation of protein kinase C-␦ (PKC-␦) during reperfusion. Churchill et al. (19) have proposed that the UPS regulates the ratio between the prodeath kinase PKC-␦ and the prosurvival kinase PKC-ε. This theory is based on reports that the inhibition of PKC-␦ protects the heart from ischemic injury (52) and that IPC results in the activation and translocation of PKC-ε to the cardiac mitochondria (7). Churchill et al. (19) show that IPC does improve postischemic UPS function, which presumably leads to the observed altered ratios of PKC-␦ to PKC-ε, since a proteasome inhibitor prevented this and blocked the protective effects. While this is a novel mechanism, it should be noted that several studies have shown that IPC can alter levels of both prosurvival and prodeath proteins, including phosphatase and tensin homolog on chromosome 10 (PTEN) (13, 14) and IB (42) and have invoked regulation by the UPS. Indeed, Divald et al. (28) have recently shown that IPC decreases postischemic Bax levels through a UPS-mediated pathway. Given the many diverse pathways regulated by the UPS, that while important it is unlikely that only proteasome-mediated changes in PKC-␦ account for the protective effects of IPC.
Finally, decreased postischemic oxidation of 19S regulatory particle subunits is the third proposed mechanism. As explained above, Rpt5 is carbonylated during myocardial ischemia (28) . Since ischemia appears to have a preferential effect on the ATP-dependent activity of the proteasome and IPC appears to preferentially improve the ATP-dependent activity of the proteasome, Divald et al. examined whether IPC also decreased carbonylation of Rpt5 and did observe this to happen. The Rpt5 subunit plays pivotal roles in the attachment of the "base" of the 19S regulatory particle to 20S proteasome ␣-rings (36) and the binding of the 19S particle "lid" to the base (26) . It is possible that by decreasing oxidation of this subunit, IPC improves docking of the 19S regulatory particle with the 20S proteasome. However, it is unclear that the improved peptidase activity by IPC is related to the decreased oxidation of just this one subunit.
Establishing PFI as major pathogenic factor in the heart. As described earlier, PFI is observed in a variety of diseases, such as neural degenerative diseases, cardiac proteinopathy, and more recently a large subset of CHF. However, it has been impossible to directly test whether PFI plays a role in the development of any of these diseases because a proteasome activator was unavailable until very recently. With our recent discovery of a benign measure to enhance proteasome function, this situation is rapidly changing. Using cultured cardiomyocytes and HEK cells, we found that overexpressing PA28␣ (PA28␣OE) stabilizes PA28␤ and thereby upregulates 11S proteasomes, which destabilizes GFPu, a surrogate misfolded protein substrate for the UPS (141), without affecting the protein levels of endogenous and ectopically overexpressed native proteins (78) . Hence, this establishes the first benign measure to enhance proteasome proteolytic function in cultured cells. To demonstrate a biological relevance of this exciting new measure, we have further tested the effect of PA28␣OE on oxidative stress. Enhancing proteasome function by PA28␣OE was able to decrease the abundance of oxidized proteins and the prevalence of apoptosis in cultured cardiomyocytes triggered by hydrogen peroxide treatment (78) . These findings suggest an important role of PFI in the injury by oxidative stress, which is a major cause of myocardial I/R.
To test whether PA28␣OE enhances proteasome function in intact animals, we have created transgenic mouse lines to achieve temporally controllable cardiomyocyte-restricted (CR-) PA28␣OE (77) . Mice with CR-PA28␣OE initiated at the perinatal stage do not show discernible changes in the expression of the fetal gene program, heart function, or cardiac morphology by at least one year of age, the longest time observed. Introducing GFPdgn into the CR-PA28␣OE mice via crossbreeding, we were able to validate that CR-PA28␣OE facilitates the degradation of GFPdgn, a surrogate misfolded protein (Fig. 3B) . The effect on GFPdgn protein stability disappears when CR-PA28␣OE is turned off (77) . These experiments mark the establishment of the first genetic method and animal model to benignly enhance proteasome function in the heart or any organs. Taking advantage of this model, we have further demonstrated that an overexpression of PA28␣ significantly attenuates aberrant protein aggregation and cardiac hypertrophy and delays the premature death of a mouse model of cardiac proteinopathy (77) . Moreover, we showed that CR-PA28␣OE protects against myocardial I/R injury in intact mice (77) . These studies prove for the first time an important pathogenic role of PFI in myocardial I/R injury and cardiac proteinopathy in both cell culture and intact animals. It is anticipated that these exciting discoveries, including the invent of new ways to benignly enhance proteasome function in a cell and an organ, will serve as an impetus to a better understanding of the pathogenic roles of UPS dysfunction and to developing new therapeutic strategies to treat a large subset of diseases, including heart diseases.
Potential mechanisms underlying the pathogenic role of PFI. It appears that PFI can compromise the heart through a number of mechanisms, such as impairing PQC and disturbing signaling pathways. The sarcomere is the fundamental unit of mechanical function in the striated muscle to which cardiac muscle belongs. An extremely vigorous stoichiometry among different sarcomeric proteins is maintained for proper function of the sarcomere. Replacing a damaged protein in the sarcomere with a new one must be accurately coupled with the removal of the damaged protein. The degradation of virtually all myofibrillar proteins is carried out by the UPS. Hence, cardiac PFI will conceivably leave some of the defective proteins in the sarcomere not timely replaced, which will undoubtedly reduce the contractility of the sarcomere and ultimately the mechanical performance of the heart. In this regard, PFI may have a similar effect as the genetic mutations of the sarcomeric proteins, which are known to cause inherited cardiomyopathies (89), a major cause of CHF.
PFI inevitably accumulates misfolded proteins and leads to aberrant protein aggregation. The expression of misfolded proteins and resultant aberrant protein aggregation have proven to be sufficient to cause cardiomyopathy and CHF in both humans and mice (87, 103, 120) . In addition to physical disruption to the cell, aberrant protein aggregates can be rather detrimental to multiple cellular processes. Aggregation-prone proteins can directly interact and inhibit proteasome proteolytic subunits (38, 68) . In both cultured cardiomyocytes and intact mouse hearts, aberrant protein aggregation can impair proteasome proteolytic function (9, 15, 83, 84, 121, 123) , thereby forming a vicious cycle.
Mitochondrial dysfunction and programmed cell death are often associated with CHF. Mitochondrial malfunction and increased cell death have been observed in the hearts of a transgenic mouse model of cardiac proteinopathy that displays severe PFI before other cardiac pathology becomes discernible (15, 88) . Pharmacological proteasomal inhibition has been shown to induce cell death in cultured cardiomyocytes (29, 138) .
The calcineurin-NFAT pathway is a well-established signaling pathway mediating pathological remodeling of the heart (96). Interestingly, both PFI and the loss of an important chaperone [e.g., heat shock protein B2 (HSPB2)/HSPB5 double knockout] can activate the calcineurin-NFAT pathway in the heart (69, 136) , suggesting that PQC inadequacy may play a role in the activation of this pathway during pathological cardiac remodeling.
Interplay Between the UPS and Macroautophagy in Target Protein Degradation
Macroautophagy (commonly known as autophagy) sequesters a portion of cytoplasm (often including organelles, such as mitochondria) into a double-membrane vesicle (known as an autophagosome) for fusion with and degradation by lysosomes, representing another major catabolic pathway in the cell essential for cellular homeostasis in the heart (99) . Nonselective autophagy during starvation helps the cell to temporarily survive an energy crisis by self-eating a portion of its cytoplasm (127, 134) . Selective autophagy, on the other hand, serves as a major executor of quality control by removing aged/damaged organelles and perhaps aggregated proteins (94, 148, 150 ).
Altered autophagic activities were observed in animal models of human disease including heart disease, implicated in failing human hearts (58) , and are emerging as a potentially important pathogenic factor and therapeutic target (43, 100, 117, 127) . The UPS and autophagy were considered two parallel pathways that do not interact, but emerging evidence is unveiling an intricate interplay between the two pathways (Fig. 4) .
On the one hand, an accumulation of ubiquitinated proteins resulting from PFI not only leads to aberrant protein aggregation but also retains ubiquitin binding proteins, such as p62/ SQSTM1. The increase of p62 protein levels during PFI may also result from an increase of p62 synthesis. The latter can be mediated by increased transactivation of NRF2, a major transcription factor for antioxidant genes. The p62 is a target gene of NRF2 and can further increase the activity of NRF2 in a feed-forward fashion (53, 55, 62, 72) . Under the unstressed condition, the Kelch-repeat domain of Kelch-like ECH-associated protein 1 (KEAP1) functions as a NRF2-specific adaptor protein in the cullin3-based ubiquitin ligase complex and constitutively targets NRF2 for ubiquitination and proteasomemediated degradation. Under oxidative stress, KEAP1 is modified through oxidation or adduction of one or more of its cysteine residues, resulting in a putative conformational change that decreases its ability to serve as an ubiquitin ligase substrate adaptor, thereby increasing NRF2 (46) . Hence, PFI may directly stabilize NRF2. In addition, PFI may elicit oxidative stress, which in turn inactivates KEAP1 and thereby indirectly stabilizes NRF2. The increased p62, resulting from either the detainment by ubiquitinated proteins or increased synthesis, further increases NRF2 likely through preventing KEAP1 from binding NRF2 (62) .
By interacting with microtubule-associated protein-1 light chain 3, a critical component of autophagosome, p62 may recruit autophagy to help remove the protein aggregates. Indeed, in both cultured cardiomyocytes and intact mice, we and others have observed activation of autophagy by pharmacological proteasome inhibition (137, 149) . In cultured cardiomyocytes and intact mouse hearts overexpressing misfolded pro- Fig. 4 . An illustration of a working hypothesis on the interplay between proteasome-mediated proteolysis and the selective autophagy. On the one hand, PFI accumulates ubiquitin conjugates which, through interaction, retain p62 proteins in the cell. PFI may also activate the nuclear factor erythroidderived 2-related factor-1 (Nrf2)-mediated transcriptional program to activate p62 synthesis. The binding of p62 to ubiquitin conjugates in protein aggregates may recruit autophagosomes to and remove the aggregates, thereby increasing selective autophagy. On the other hand, chronic autophagy inhibition/impairment can accumulate p62, which is a substrate of autophagy. The accumulated p62 can bind to ubiquitinated proteins formed during normal ubiquitination and hinder them from being delivered to the proteasome for degradation; therefore, autophagy impairment may indirectly induce a PFI-like phenotype, although proteasome assembly and activities may not be decreased.
teins, myocardial p62 protein levels and autophagic flux are markedly increased (148) . The increase in p62 proteins is in part due to increased synthesis because p62 mRNA levels are also upregulated (148) . Although the molecular mechanism underlying the increased p62 synthesis during PFI remains to be further delineated, it has been demonstrated in some noncardiac cell types that p62 plays a critical role in mediating selective autophagy (10, 50, 51) .
On the other hand, can autophagy inhibition activate the UPS? In cardiomyocyte cultures, Tannous et al. (137) showed that chronic inhibition of autophagosome formation using 3-methyladenine increased an in vitro assayed proteasome peptidase activity, suggesting that autophagy impairment may activate the proteasome. However, by assessing the removal of both endogenous and ectopically overexpressed surrogate substrate proteins of the UPS, Korolchuk et al. (66) found in noncardiac cells that defective autophagy impaired the delivery of ubiquitinated proteins to the proteasome and thereby slowed down the degradation of UPS substrates, although neither the abundance nor the activities of the proteasome were altered. They further revealed that the accumulation of p62 was responsible for the impairment. p62 is degraded by selective autophagy (50); therefore, p62 accumulates when autophagic flux is impaired (95) . Autophagic inhibition accumulates ubiquitin-positive protein aggregates in both hepatocytes and neurons and cause liver injury and neurodegeneration, respectively (63, 64) . Genetic ablation of p62 attenuates the autophagic inhibition-induced aggregate accumulation, but this only ameliorates the liver injury and not neurodegeneration (64) , suggesting that cellular responses to autophagic inhibition is likely cell-type specific.
Taken together, it appears that p62 is a nexus via which the proteasome-mediated proteolysis and autophagy interact with one another. Further investigation into the molecular underpinning of the interplay between the UPS and autophagy in cardiomyocytes will likely yield new insights into cardiac pathophysiology, helping identify new therapeutic targets to more effectively treat heart disease.
Conclusions and Future Directions
Although the molecular mechanisms underlying UPS dysfunction and mediating its pathogenic roles in the heart only begin to be unveiled, it has become apparent that altered proteolysis, especially PFI, may play an important role in the progression of a range of heart diseases to CHF. We believe that future research in this paradigm should be aimed at achieving a comprehensive understanding on 1) the mechanisms underlying UPS dysfunctions in various pathological conditions; 2) molecular pathways that govern the degradation of not only misfolded proteins but also key regulatory proteins or protein complexes; and 3) how different proteolytic systems including the UPS, autophagy, and other proteases in the cell are orchestrated to maintain protein homeostasis under physiological and pathological conditions. Advances in these areas will no doubt give rise to new strategies to captivate the power of targeted protein degradation for fighting heart disease.
